Abstract: Grid-connected wind turbines are fluctuating power sources that may produce flicker during continuous operation. This paper presents a simulation model of a MW-level variable speed wind turbine with a full-scale back-to-back power converter and permanent magnet synchronous generator (PMSG) developed in the simulation tool of PSCAD/EMTDC. Flicker emission of this system is investigated. The 3p (three times per revolution) power oscillation due to wind shear and tower shadow effects is the significant part in the flicker emission of variable speed wind turbines with PMSG during continuous operation. A new method of flicker mitigation by controlling the rotational speed is proposed. It smoothes the 3p active power oscillations from wind shear and tower shadow effects of the wind turbine by varying the rotational speed of the PMSG. Simulation results show that damping the 3p active power oscillation by using the flicker mitigation speed controller is an effective means for flicker mitigation of variable speed wind turbines with full-scale back-to-back power converters and PMSG during continuous operation.
Introduction
During the past 20 years, renewable energy has become an increasing part of the worldwide power generation and especially wind energy has captured a significant part of this power production. As the wind power penetration into the grid is increasing quickly, the influence of wind turbines on the flicker is becoming an important issue. Flicker has been widely considered as a serious drawback and may limit the maximum amount of wind power generation that can be connected to the grid [1] .
Variable speed wind turbines with multipole permanent magnet synchronous generator (PMSG) and full-scale back-to-back converters are becoming more popular worldwide, because of some of their advantages such as no need for a gearbox, high power density and easy control [2] . In this paper, a variable speed wind turbine with a PMSG and a full-scale back-to-back converter is chosen as the study case.
Flicker is induced by voltage fluctuations, which are caused by load flow changes in the grid. The flicker emission produced by grid-connected variable speed wind turbines with full-scale back-to-back converters during continuous operation is mainly caused by fluctuations in the output power due to wind speed variations, the wind shear and the tower shadow effects [3] . The wind shear and the tower shadow effects are normally referred to as the 3p oscillation, which means that three output power drops will appear per revolution for a three bladed wind turbine.
There are many factors that affect flicker emission of grid-connected wind turbines during continuous operation, such as wind characteristics and grid conditions [4] [5] [6] [7] . Several methods have been proposed to mitigate the flicker from wind turbines. The most popular method is reactive power compensation. It can be realized by the grid side converter of variable speed wind turbines or the STATic COMpensator (STATCOM) connected at the point of common coupling (PCC) [8] [9] [10] [11] [12] [13] . However, the flicker mitigation technique shows its limits, when the grid impedance angle is low in some distribution networks [14] . Also some papers focus on the use of active power control by varying the DC-link voltage of the full-scale converter to mitigate the flicker [15] , but a big DC-link capacitor or the battery in the DC-link may be required in the method due to the storage of the fluctuation power in the DC-link.
A new control method for flicker mitigation by controlling the rotational speed is proposed in this paper. The 3p power oscillations from the wind turbine due to wind shear and tower shadow effects are actively damped by a flicker mitigation speed controller (FMSC), such that the flicker can be mitigated under any conceivable operation condition. When the FMSC damps the 3p active power oscillations which are the significant parts in the flicker emission, it smoothes the active power fluctuations into the grid by varying the rotational speed of the PMSG. This paper is organized as follows: a simulation model and its control schemes of a MW-level variable speed wind turbine with a PMSG and a full-scale converter developed in PSCAD/EMTDC is presented in Section 2. Base on the wind turbine model, Section 3 investigates the flicker emission of this system during continuous operation. The FMSC which damps 3p active power oscillations due to wind shear and tower shadow effects is analyzed and designed in Section 4. Flicker mitigation is realized by speed control of variable speed wind turbines with PMSG in Section 5. Section 6 concludes this paper.
Wind Turbine Model and Control Schemes

Wind Turbine Model
The wind turbine considered here applies a PMSG, using a back-to-back full-scale PWM voltage source converter connected to the grid [2, 15] . A complete wind turbine model includes the wind speed model, the aerodynamic model of the wind turbine, the mechanical model of the transmission system and models of the electrical components, namely the PMSG, PWM voltage source converters, transformer, and the control and supervisory system. Figure 1 illustrates the main components of the grid-connected wind turbine. Wind simulation plays an important task in the wind turbine modeling. A wind model which is applied in this paper has been developed in [16] . The rotor wind model provides an equivalent wind speed for each wind turbine, which is conveniently used as an input to a simplified aerodynamic model of the wind turbine.
A simplified aerodynamic model is normally used when the electrical behavior of the wind turbine is the main interest of the study. The relation between the wind speed and aerodynamic torque may be described by the following equation:
where Tw is the aerodynamic torque extracted from the wind (Nm); ρ is the air density (kg/m 3 ); R is the wind turbine rotor radius (m); eq v is the equivalent wind speed (m/s); δ is the pitch angle of the
is the tip speed ratio; ω is the wind turbine rotor speed (rad/s); and C p is the aerodynamic efficiency of the rotor. 3p torque oscillations are important parts in the aerodynamic model. A comprehensive yet pragmatic model of 3p torque oscillations due to wind shear and tower shadow effects has been developed for a three-blade wind turbine [17] , which is applied in this paper. Based on this model, the 
( 1) 
where V H is the wind speed at hub height (m/s), α is the empirical wind shear exponent, H is the elevation of rotor hub (m), β is the azimuthal angle of the blade (degree), b β is respectively the azimuthal angle of each blade (degree), a is the tower radius (m), x is the distance from the blade origin to the tower midline (m), and
 is a coefficient of the wind turbine.
Only the drive train is considered in the mechanical model, while the other parts of the wind turbine structure, e.g., tower and flap bending modes, are neglected. The drive train model consists of the inertia of both the turbine and the generator. The connecting shaft is modeled as a spring and a damper [18] . The drive train model is shown in Figure 2 . The equations for the drive train are:
where J w is moment inertial of the wind turbine (kg·m PSCAD/EMTDC software library provides a model of PMSG. In this paper, the PMSG model with detailed description of the stator direct and quadrature axis currents, the magnetic strength and the rotor speed is applied, using generalized machine theory [19] . Since the study interest is not concentrated on the switches of the PWM converter, an average model without switches is used so that the simulation can be carried out with a larger time step resulting in a simulation speed improvement [20] .
Control Schemes
For a variable speed wind turbine with a PMSG and a back-to-back full-scale converter, it is possible to control the electromagnetic torque at the generator directly, so that the speed of the turbine rotor can be varied within certain limits. An advantage of the variable speed wind turbine is that the rotor speed can be adjusted in proportion to the wind speed in low to moderate wind speeds so that the optimal tip speed ratio is maintained. At this tip speed ratio the aerodynamic efficiency, C P , is at maximum, which means that the energy conversion is maximized. It is normally referred to as maximum power point tracking (MPPT) [21] .
In general, variable speed wind turbines may have two different control goals, depending on the wind speed. In low to moderate wind speeds, the control goal is maintaining a constant optimum tip speed ratio for maximum aerodynamic efficiency. In high wind speeds, the control goal is to keep the rated output power in order not to overload the system. For wind speeds above the rated value, the pitch control scheme limits the output power [22] . Reference [7] illustrates a relationship between the pitch angle and the wind speed, which is adopted in this paper.
Vector control techniques have been well developed for PMSG using back-to-back PWM converters [23] [24] [25] [26] [27] [28] . Two vector control schemes are designed respectively for the generator-side and grid-side PWM converters, as shown in Figure 1 .
Flicker Emission
This section is concentrated on the flicker emission of variable speed wind turbines with back-to-back full-scale converters and PMSG. The flicker emission produced by grid-connected variable speed wind turbines with PMSG and full-scale converter during continuous operation is mainly caused by fluctuations in the output active power. The studied system of variable speed wind turbines with PMSG is shown in Figure 1 and the parameters of the variable speed wind turbine are in the appendix (Table A1 ). The level of flicker is quantified by the short-term flicker severity P st , which is normally measured over a ten-minute period. According to IEC standard IEC 61000-4-15 [29] , a flickermeter model is built to calculate the short-term flicker severity P st [3] . The equivalent wind speed, the rotor speed and the output active power of the wind turbine are shown in Figure 3 .
When the mean wind speed is 10 m/s, the turbine speed may be around 15.5 rpm, which has a 3p oscillation frequency of 0.775 Hz. A frequency analysis of the equivalent wind speed and the output active power has been carried out, as shown in Figure 4 . The spectrum of the equivalent wind speed shows that the 3p frequency component, due to the wind shear and the tower shadow effects, has been represented in the wind turbine model introduced in Section 2. Based on the model of wind shear and tower shadow, the higher frequency components, such as 6p, 9p, 12p, etc. are also included. The 3p oscillation frequency component is transmitted to the output active power of the wind turbine, which will induce voltage fluctuation and flicker in the grid. The 3p oscillation due to the wind shear and the tower shadow effects is the significant part in the flicker emission of variable speed wind turbines with PMSG during continuous operation [15] . Flicker mitigation may be realized by damping the 3p oscillation in the output active power using appropriate control schemes. 
Flicker Mitigation by Speed Control
This section is concentrated on flicker mitigation of variable speed wind turbines with back-to-back full-scale converters and PMSG during continuous operation by speed control. Vector control techniques have been well developed for generator-side PWM converter [23] [24] [25] [26] [27] [28] . The objective of the vector-control scheme for the generator-side PWM converter is to control the optimal power tracking for maximum energy capture from the wind by adjusting the speed of the wind turbine. The block diagram of the vector-control scheme for the generator-side PWM converter is shown in Figure 5 Flicker mitigation may be realized by damping the 3p active power oscillation using the flicker mitigation speed controller (FMSC). In Figure 5 , the FMSC loop is printed in grey blocks and lines to show how the FMSC is embedded in the control schemes of the generator-side PWM converter. The FMSC smoothes the 3p active power oscillations from wind shear and tower shadow effects of the wind turbine by varying the rotational speed of the PMSG.
The design objective of the FMSC is to damp 3p active power oscillations such that the flicker can be mitigated under any conceivable operating condition. To avoid that the FMSC interferes with the speed control of the wind turbine for normal operation, the active power signal of the generator need to be filtered with a bandpass (BP) filter before it enters into the FMSC. 
Design of BP Filter
The tasks of the BP filter are to only let the frequency of the 3p active power oscillation through and to block all other frequencies. Equation (9) shows a general transfer function of the BP filter: 
In most cases, the mean wind speed is from 5 to 20 m/s. The rotor speed of the wind turbine is from 7.5 to 15.5 rpm, which corresponds to 0.125 Hz to 0.258 Hz. So the 3p oscillation frequency is from 0.375 to 0.775 Hz. The average value of the 3p oscillation frequency is defined as the average 3p frequency (f 3p ), which is 0.575 Hz in this study. The center frequency of BP filter is chosen as f 3p = 0.575 Hz to allow 3p oscillation frequencies pass the filter. By choosing an appropriate bandwidth, the BP filter allows the FMSC to act exclusively on 3p active power oscillations. The parameters of the BP filter are designed in Matlab [30] , where the desired center frequency and the band width have to be specified. Figure 6 shows the bode plot of the BP filter. The designed parameters are a = 0, b = 6, c = 0, d = 1, e = 6.007 and f = 13.25. 
Design of FMSC
The FMSC has to produce a signal, which offsets the speed set point of the generator, ref ω in Figure 5 , such that ω varies in a way that energy from the 3p oscillations is stored in the wind turbine inertia. In other words, the measured torque oscillations of the wind turbine have to be translated to an oscillating speed offset with the right phase angle, which dampens the output active power oscillation to the grid. Equation (10) shows the relationship of the active power P e , the electromagnetic torque T e and the rotor speed g ω of the generator: 
This means that the electromagnetic torque T e can be controlled to zero at 3p frequency f 3p , when the generator speed g ω is controlled according to Equation (14) at 3p frequency f 3p . Figure 7 shows the bode plot of the transfer function between the generator speed and wind turbine torque. It can be concluded that the generator speed lags the wind turbine torque by 450° at 3p frequency f 3p , when the fluctuation of the electromagnetic torque of the generator is controlled to zero at f 3p . Hence, the signal in the FMSC path has to be delayed so that the fluctuation of the electromagnetic torque T e is controlled to zero at f 3p . Since the BP filter does not cause any change in phase angle at f 3p , approximately, the angular contribution β of the FMSC for all 3p frequencies is:
where ϕ is the angle by which the generator speed g ω lags the reference value of the generator speed ref ω without the FMSC loop at 3 p f . To find the required angular contribution β of the FMSC, the system is operated without the FMSC loop, and a sinusoidal disturbance signal that has frequency 3 p f is superimposed on the reference value ref ω . The angle ϕ by which g ω lags the disturbance signal is measured. The angle ϕ may be also calculated by the transfer function of the whole system. Equation (15) leads to the conclusion that the FMSC can be realized with a first-order lag element (PT1), which delays the phase by β at 3 p f . Equation (16) shows the transfer function of a PT1:
The angular contribution of a PT1 is:
Hence, the time constant, T, of the PT1 can be calculated with the required angular contribution β at 3 p f , as shown in Equation (18): The gain, K P , of the PT1 can be tuned by testing, since the gain has no shift contribution in the FMSC loop. Increasing K P increases the mitigation of the flicker; however, K P has to be tuned such that the generator speed is within tolerable limits, which are −1%~+1% in this study. In the following section, the system operating under different conditions and the performance of the FMSC is accessed.
Flicker Mitigation Using FMSC
The flicker mitigation using FMSC is tested in many wind speed conditions. The variable speed wind turbine with PMSG and back-to-back full-scale converters are simulated with the FMSC as designed above. The parameters are the same as the ones in Section 3. Figures 8 and 9 illustrate the short-term view and the long-term view of the wind turbine torque T w , the generator rotational speed g ω , the electromagnetic torque T e and the active power to the grid. The wind turbine torque T w is fluctuating due to the wind speed variations, the wind shear and tower shadow effects.
If the FMSC is not employed, the electromagnetic torque T e and the active power to the grid will be the same as the wind turbine torque T w , since the generator rotational speed is not controlled to vary according to the 3p components in the wind turbine torque Tw. From these figures, it can be seen that the electromagnetic torque T e and the active power to the grid is smoothed by varying the generator rotational speed g ω of PMSG when the FMSC is not adopted. As a consequence, the flicker is mitigated by reducing the output active power oscillations. However, the FMSC may only mitigate the flicker caused by 3p oscillations due to the wind shear and tower shadow effects which are the significant parts in the flicker emission. A frequency analysis of the output active power into the grid has been carried out, as shown in Figure 10 . Compared with the frequency analysis of the output active power into the grid without FMSC (see Figure 4) , the 3p oscillation frequency components, which are the significant parts in the flicker emission of variable wind speed turbines with PMSG during continuous operation, are damped evidently. As a consequence, the flicker mitigation may be realized using FMSC. Figure 11 illustrates the variation of short-term flicker severity P st with mean wind speed between the case without FMSC and the case with FMSC. It can be concluded that damping the 3p active power oscillation due to wind shear and tower shadow effects by using the FMSC is an effective means for flicker mitigation of variable speed wind turbines with PMSG during continuous operation at different mean wind speed.
This proposed control method uses the existing large inertia of the wind turbine rotor as the storage of the fluctuation power instead of the big DC-link capacitor as suggested in [15] . The total cost of the system using the proposed method is considered to be lower than the cost using the method in [15] . Since both control methods use different components as the storage of the fluctuation power, the combination of both control methods may give a lower flicker level. 
Conclusions
This paper describes a method of flicker mitigation by speed control of variable speed wind turbines with full-scale back-to-back power converters and PMSG. The model of a MW-level variable speed wind turbines with PMSG using the full-scale back-to-back PWM voltage source converters and the corresponding control schemes are described in this paper. On the basis of the developed wind turbine model, the flicker emissions of this system are investigated. Flicker mitigation may be realized by using the flicker mitigation controller to damp the 3p active power oscillation due to wind shear and tower shadow effects which is significant in the flicker emission. A new controller for flicker mitigation by speed control is proposed. The FMSC smoothes the 3p active power oscillations from wind shear and tower shadow effects of the wind turbine by varying the rotational speed of the PMSG. It can be concluded from the simulation results that damping the 3p active power oscillation by using the FMSC is an effective means for flicker mitigation of variable speed wind turbines with full-scale back-to-back power converters during continuous operation. Notes: v Δ is the wind speed standard deviation; v is the mean wind speed; S k is the short circuit apparent power of the grid where the wind turbines are connected; S n is the rated apparent power of the wind turbines.
